Left ventricular dimensions and contractility were determined by echocardiography in 33 patients with tricuspid atresia in 1985 and again in 1988. Eight patients remained palliated throughout the 3-year period; neither the left ventricular end-diastolic diameter (153±15% of normal vs. 157+19%o, p=NS) nor a load-independent index of contractility (rate-corrected velocity of shortening [VCFc]/end-systolic meridional stress [ESSMI) changed. Eleven patients underwent a Fontan operation during the study and were reevaluated at least 6 months after surgery; left ventricular dimension decreased (130±15% vs. 114±19o, p<0.001), and the contractility indexVCFc/ESSM improved (p<0.05). Fourteen patients had undergone a Fontan operation 0.9-9.5 years (mean, 4.2 years) before initial examination in 1985. Over the 3-year period, left ventricular dimensions did not change (121±17% vs. 118±11%, p=NS), but the contractility index showed significant improvement (p<0.01). Eight additional patients were studied just before and after a Fontan operation to examine the early effects of surgery. Left ventricular dimensions decreased from 130±14% to 100±13% by 10 days p<0.001) with no further change at 2 months. An inappropriate degree of ventricular hypertrophy was observed in only the early postoperative period. Successful Fontan repair results in rapid reduction of left ventricular size, followed by regression of hypertrophy to a normal mass-to-volume ratio. Operating at more favorable dimensions and loading conditions results in an early increase in left ventricular contractility, which further improves in the medium term follow-up. (Circulation 1990;81:118-127 Colan et al13 reported an echocardiographically derived index of left ventricular function that is a sensitive measure of contractile state and is relatively independent of abnormal loading conditions. In 1985, we reported a cross-sectional study using this index to compare left ventricular function in patients palliated for tricuspid atresia with those who had undergone a Fontan operation.14 Reexamining these patients after a 3-year period, we now report a prospective longitudinal study that reports the effect of the altered loading conditions on left ventricular size and function after a Fontan operation. Our aim was to understand whether the Fontan operation represents a beneficial long-term investment for ventricular function in patients with tricuspid atresia.
, p=NS), but the contractility index showed significant improvement (p<0.01). Eight additional patients were studied just before and after a Fontan operation to examine the early effects of surgery. Left ventricular dimensions decreased from 130±14% to 100±13% by 10 days p<0.001) with no further change at 2 months. An inappropriate degree of ventricular hypertrophy was observed in only the early postoperative period. Successful Fontan repair results in rapid reduction of left ventricular size, followed by regression of hypertrophy to a normal mass-to-volume ratio.
Operating at more favorable dimensions and loading conditions results in an early increase in left ventricular contractility, which further improves in the medium term follow-up. (Circulation 1990; 81:118-127) T here have been numerous reports of abnormal left ventricular dimensions and function in patients with tricuspid atresia, both before and after a Fontan operation.1-'2 Various factors might contribute to these morphologic and functional abnormalities, including preoperative chronic volume overload and cyanosis, perioperative myocardial damage, and adverse postoperative hemodynamics. All previous studies, however, have measured left ventricular pump function in terms of variables that are affected not only by abnormal contractility but also by afterload, preload, and myocardial hypertrophy.
Colan et al13 reported an echocardiographically derived index of left ventricular function that is a sensitive measure of contractile state and is relatively independent of abnormal loading conditions. In 1985, we reported a cross-sectional study using this index to compare left ventricular function in patients palliated for tricuspid atresia with those who had undergone a Fontan operation.14 Reexamining these patients after a 3-year period, we now report a prospective longitudinal study that reports the effect of the altered loading conditions on left ventricular size and function after a Fontan operation. Our aim was to understand whether the Fontan operation represents a beneficial long-term investment for ventricular function in patients with tricuspid atresia. living in the UK. Patients were excluded if they were less than 18 months old or had transposed great arteries with subvalvar aortic stenosis. Four additional patients with pulmonary atresia and intact ventricular septum, severe tricuspid stenosis, and diminutive right ventricles were also included as their hemodynamics were believed to be functionally similar to tricuspid atresia. Of the total of 42 patients studied in 1985, 33 were reevaluated in 1988 (study interval, 2.7-3.1 years; mean, 2.8 years). Four patients died during the study period (two early and two late after a Fontan procedure). The remaining five patients declined reevaluation for nonmedical reasons, but all are known to be alive and well.
All patients were studied electively and were considered to be in stable clinical condition. No patient had edema, effusions, or protein losing enteropathy; all had a mild degree of hepatomegaly. The 33 patients were divided into three groups. Group 1 consisted of eight patients who remained palliated throughout the study period. Since the initial evaluation, four shunt procedures were performed in three patients. Five patients are considered potential candidates for a Fontan repair; the other three have pulmonary vascular problems (pulmonary artery hypoplasia in one and severe distortion in two) ( Table 1) . Group 2 consisted of 11 patients who had a Fontan operation by direct right atrial-pulmonary artery connection between 1985 and 1988. During this period, only patients who were increasingly symptomatic, typically from cyanosis, were selected for a Fontan operation. All patients were studied before and at least 6 months after Fontan repair ( Table 2) .
The 14 patients in group 3 had undergone a Fontan operation 0.9-9.5 years (mean, 4.2 years) before initial examination in 1985. Longitudinal comparison was, therefore, available between two postoperative studies (Table 3) .
To examine the early effects of the Fontan operation on left ventricular function and size, a fourth group (group 4) of eight consecutive patients with tricuspid atresia undergoing the Fontan operation between September 1987 and April 1988 was investigated. Echocardiographic examination was performed just before surgery and 10 days and 2 months after the Fontan procedure. All patients in this group were taking digitalis, diuretics, and vasodilators at the first postoperative evaluation; at 2 months, medication in all patients had significantly been reduced (Table 4) York Heart Association; WAT, Waterston shunt; D, diuretics; V, vasodilator (angiotensin converting enzyme inhibitor).
All p values refer to a paired t test unless stated otherwise. There was no significant change in end-diastolic dimension in group 3 patients in whom both measurements were made during follow-up after the Fontan procedure (121 + 17% vs. 118±+ 11%, p=NS).
In the eight group 4 patients whose dimensions were measured immediately before and early after the Fontan procedure, there was a significant decrease in end-diastolic dimension (130±+ 14% vs. 100±+ 13%, p<0.001). There was no further change at the 2-month evaluation (101 ± 12%, p=NS). The variable pattern of end-diastolic dimension during both evaluations may reflect differences in medical therapy. As in group 2, the postoperative end-diastolic dimension at 10 days correlated best with preoperative end-systolic dimensions (r=0.91, p<0.002) but also with end-diastolic dimensions (r= 0.89, p< 0.003).
Wall Thickness
Left ventricular wall thickness did not change significantly in patients who remained palliated (group 1) (Figure 2 ). It was increased when compared with normal values for BSA but was decreased when related to end-diastolic dimension (Ded), suggesting ventricular dilatation (BSA: 129 ±27% vs. 126±19%, p=NS; D,d: 76±11% vs. 77+8%, p=NS). After a Fontan operation in both group 2 and 3, the wall thickness was appropriate for the ventricular size. In group 2, there was a significant decrease in wall thickness during the study (-20±22%, p<0.02), whereas in group 3, there was no significant change.
The patients studied during the perioperative period after a Fontan operation (group 4) showed a major increase in wall thickness 10 days after their operation, especially when related to diastolic dimension (90±9% vs. 175±30%,p<0.001). This inappropriate degree of wall thickness for heart size had decreased significantly by 2 months but was still elevated above normal (126±13%,p<0.001). In the early postoperative measurements, increases in wall thickness correlated closely with decreases in dimension (r=0.88, p<0.005).
Contractility-Stress Data
In the patients who remained palliated (group 1), FS, which is load dependent, increased from 29.7±4.6% to 31.2±4.8% (p<0.05), but VCFc did not change (Figures 3-5 ). ESSM remained above normal throughout but decreased (67.5 ±23.3 to 57.7±20.4 g/cm2,p<0.05), mainly due to an increase in end-systolic wall thickness (mean increase, 1.6 mm;p <0.02). The load-independent relation of VCFc to ESSM showed no significant change perpendicular to its regression line,13 suggesting no alteration of left ventricular contractility during the 3-year period.
In patients who had received a Fontan repair during the study period (group 2), FS did not change significantly (30.7±4.8% vs. 32.5+8.5%,p=NS), but Left ventricular hypertrophy and dysfunction are known to compromise long-term survival and symptomatic status in tricuspid atresia as well as to be risk factors for mortality and morbidity after a Fontan operation.19-22 Several previous studies of ventricular mass and contractility in groups of patients after palliation and after a Fontan procedure have been reported. However, the relevance of the results is uncertain because these studies used indexes of pump function that are themselves influenced by the loading conditions of the heart. In our previous study, we used a load-independent index and demonstrated impairment of contractility in tricuspid atresia before and after a Fontan procedure.14 From this cross-sectional study, we were unable to determine whether the documented changes were reversible with relief of chronic volume overload and cyanosis. We have now investigated prospectively the effect of the Fontan operation on left ventricular performance before and after surgery in the same patients. These results have been related to changes in size and function seen in patients remaining palliated and in patients retaining their Fontan status during the same period. Our results indicate that a successful Fontan repair results in rapid reduction of left ventricular size, which is followed by regression of hypertrophy so that a normal thickness-to-size ratio can be achieved. Operating at these more favorable dimensions and loading conditions results in early increase in contractility, which improves further in medium-term follow-up. Dimensions ESSM g/cm2
Group 3: FIto F8. The rate of decrease in cavity size and wall thickness after the Fontan operation were very different, with reduction of thickness taking much longer than reduction in size. As a result, the ventricles were inappropriately thick for their dimensions in the early postoperative period. This may have implications for the diastolic properties of the left ventricle in the acute postoperative period and requires further study.
Contractility
The major changes in dimension and thickness of the left ventricle that follow a Fontan procedure make evaluation of ventricular systolic function with load-dependent indices difficult. When ventricular dimension and wall stress are increased, ejection fraction (EF) and FS underestimate contractility. 13 Furthermore, when dimensions alter during the study period, EF and FS may fail to reflect major changes in contractility.
Sanders et al investigated 11 patients before and after a Fontan procedure with angiocardiography. 7 The EF remained normal in 10 patients and decreased in one, with no overall change for the group. Using radionuclide angiography, Hurwitz et al showed no significant change in mean EF during the early postoperative period; however, at restudy 2 years after surgery, the EF had increased significantly to be within the normal range in all six patients reported. 34 Our own results using a load-dependent index confirm these findings with no significant change of the FS in the early postoperative phase after a Fontan procedure. However, with the gross changes in loading conditions, it would be inappropriate to conclude there was no change in contractility. We, therefore, also made comparisons of the relation of VCFc to ESSM as Colan et al has advocated to produce an index relatively independent of loading conditions but sensitive to altered inotropic state.13 This relation revealed that there was a significant improvement in contractility by 6 months after a Fontan procedure. It is encouraging to note that the contractility improved further in the medium-term follow-up as has also been shown for patients with aortic regurgitation and a moderate degree of preoperative left ventricular dysfunction. 30'35 No improvement occurred in the single patient who survived a Fontan repair but had profoundly decreased contractility at initial evaluation. Despite medical therapy, she died in congestive heart failure, suggesting that as in aortic regurgitation, there may be a "point of no return." We could not, however, evaluate this systematically because the selection criteria for the Fontan operation precluded surgery in patients with left ventricular dysfunction.
Limitations of the Study
The limitations of the VCFc-ESSM method have previously been discussed in detail. 36 The assumptions of the model include that the short-axis dimensions are representative for ventricular size and global left ventricular performance. As the ventricle in tricuspid atresia is more spherical than normal,3,37 this is likely to be the case. All patients were screened for regional wall motion abnormalities to accept the 
